Chiral Recognition in Bis-Urea-Based Aggregates and Organogels through Cooperative Interactions** Maaike de Loos, Jan van Esch,* Richard M. Kellogg, and Ben L. Feringa* Chiral recognition is indisputably one of the most intriguing phenomena in nature. In chemistry, it is a key feature in applications such as enantioselective catalysis, [1] separation techniques, [2] and in the formation of supramolecular systems, both in solid assemblies [2, 3] and in solution. [2, 4±6] Intermediate to solid-and solution-phase systems one might place organogels. [7, 8] These consist of molecules, selfassembled into large fiberlike aggregates which intertwine to form a reversible gel in organic solvents. Especially the rationally designed 1,2-bis(ureido)cyclohexane derivatives were found to be highly effective gelators for organic solvents. [9, 10] Furthermore, these compounds contain two stereogenic centers, which for 1 are expressed in the formation of twisted fibers in ethanol with a helicity that depends on the handedness of 1.
[10b] Related chiral phenomena are found for other gel systems. [3, 7, 8a,d] Here we report on chiral recognition through cooperative interactions between aggregates and gels of 1 and a coaggregating guest 2.
[11] Guest 2 exhibits the same bis(ureido)-cyclohexane skeleton as 1, but azobenzene chromophores have been attached to the side chains to differentiate 2 from host 1 and to probe the microenvironment by spectroscopic methods. 
Experimental Section
The detailed reaction conditions for synthesis of unlabeled compounds 1, 3, 5, 6, 7 and 8, their full characteristics and chromatographic conditions for separation of 1 a ± d into pure diastereomers were published elsewhere. [9, 18] H NMR measurements on solutions of 1 in CDCl 3 showed a strong downfield shift of the NH1 proton upon increasing the concentration, which is indicative of self-association through intermolecular hydrogen bonding (Figure 1 ). [12] The concentration dependency of the chemical shifts could not be described by a dimerization model, [13] and indicates that higher aggregates were formed. Thus, in accordance with an earlier study on the self-association of mono-urea compounds [14] the association equilibria of 1 were treated with a cooperative association model in which all but the first association constant K 2 are assumed to be the same (Scheme 1). [15, 16] The concentration dependency of the chemScheme 1. Cooperative model for a chiral self-associating system (A) and the co-aggregation of a second chiral molecule (D) with both enantiomers of this system. [16] ical shifts can now be described with Equation (1), [15, 16] and gives the association constants shown in Table 1 .
(1) [16] with
It is clear that the association constant K for the higher aggregates is considerably larger than the dimerization constant K 2 , which indicates that self-association of 1 is indeed a highly cooperative process. This proposal is also supported by variable temperature 1 H NMR measurements: it was found that gelation occurred within 1 8C upon cooling a solution at c b 8 mm.
Co-aggregation of 2 with solution-phase aggregates of (R)-1 or (S)-1 was studied by H NMR measurements [17] showed that self-association of 2 is negligible at low concentrations; thus it can be concluded that the downfield shift is the result of co-aggregation of 2 with 1. CD spectroscopic studies (see below) support this conclusion.
Calculation of the association constants of 1 in the presence of small amounts of (R)-2 revealed that for (R)-1 and (S)-1 the dimerization constants K 2 decreased, but the higher association constants K did not significantly change (Table 1) . In contrast, a large difference is observed in the curve shape ( Figure 1 ) and magnitude of the downfield shifts (Dd obs ) when the co-assembly of (R)-2 with (R)-1 and with (S)-1 is compared (Table 1 ). This observation indicates that both the association constants and the hydrogen-bonded structure in the co-aggregates are dissimilar.
The association constants for the co-assembly of (R)-2 with (R)-1 (K 2,RR , K RR ) and (R)-2 with (S)-1 (K 2,RS , K RS ; Scheme 1) are also given in Table 1 . [18] For both co-assemblies it can be seen that, as for pure 1, K 2 is considerably smaller than K, which is indicative of a highly cooperative association process. Furthermore, the dimerization constants K 2,RR and K 2,RS are of the same magnitude. However, the association constant K RS is almost twice as large as K RR , which indicates that the incorporation of (R)-2 in higher aggregates of (S)-1 is preferred to incorporation in higher aggregates of (R)-1. Dimerization is apparently not affected by the chirality of the compounds, whereas formation of larger aggregates results in discrimination between the enantiomers. Thus, cooperativity is important for the chiral recognition in these systems. Furthermore, the K RR and Dd obs values for the co-assembly of (R)-2 with (R)-1 are similar to those for pure (R)-1, which indicates they have a comparable hydrogen-bonded structure and strength. However, both the K RS and Dd obs values are different for the co-assembly of (R)-2 with (S)-1, which leads to the conclusion that an aggregate is formed with a different hydrogen-bonded structure and strength. Chiral recognition in larger aggregates, namely, the gel, was studied by spectroscopic methods and cis ± trans isomerizations. UV/Vis spectra of solutions of 2 in 1-butanol (0.3 mm) showed strong absorption bands at 238 and 344 nm and a weak band at 440 nm. Incorporation of (R)-2 in 1-butanol gels of (R)-1 or (S)-1 resulted in symmetric absorption bands at 239, 345, and 443 nm, thus indicating the presence of molecularly dispersed azobenzenes. [19] CD measurements on pure 2 showed a split CD Cotton effect associated with the UV band at 344 nm for the solvents tested, with the intensity increasing upon decreasing solvent polarity (Figure 2 a) . The observed exciton coupling exhibits no concentration dependency and thus has to be the result of an intramolecular stacking of the chromophores. The sign of the Cotton effects for (R)-2 and (S)-2 is in agreement with the absolute configuration at the cyclohexane ring. [20] The CD spectra of (R)-2 (0.3 mm) in a 1-butanol gel of (S)-1 (18.6 mm) showed a slightly more intense CD effect at room temperature than that of a solution of (R)-2 in 1-butanol (Figure 2) . At 45 8C, above the melting point of the gel, the CD effect decreases to a value comparable to that of the solution of (R)-2 in 1-butanol. The change in the CD spectra indicates that (R)-2 becomes incorporated in (S)-1 upon gelation of (S)-1. Moreover, the solvent dependency suggests that the slight increase in intensity arises from the environment of (R)-2 being less polar when it is incorporated in the gel of (S)-1 than in 1-butanol itself (Scheme 2 b). In contrast, incorporation of (R)-2 in a gel of (R)-1 results in a strong positive CD effect, from which the exciton coupling has disappeared (Figure 2 b) . Apparently, (R)-2 has adopted a different conformation upon co-aggregation with (R)-1; the azobenzene groups are no longer stacked but incorporated between the close-packed alkyl chains of (R)-1 (Scheme 2 a). As for (S)-1, the solution-phase exciton-coupled CD spectrum reappears upon melting of the gel.
Irradiation of the solution and gel samples at 365 nm resulted in isomerization of the azobenzene groups to the cis form, [21] and the disappearance of the CD effect. The cis form isomerized thermally (30 8C) back to the trans form, with clear differences being observed in the kinetics for the solution and the (S)-1 and (R)-1 gels ( Table 2) .
The isomerization of (R)-2 in solution followed first-order kinetics. In the gels, however, a deviation from first-order kinetics was observed and the data concur with two simultaneous first-order reactions containing fractions a s and a f of a Table 2 . Thermal cis ± trans isomerization at 30 8C
[a] .
Sample Allylic and propargylic carbonates are well-known compounds that undergo a variety of palladium-catalyzed transformations, which make up an important class of palladiumcatalyzed reactions. [1, 2] The key step in these reactions is the formation of a p-allyl-or -allenylpalladium complex by facile decarboxylation, which undergoes a variety of further transformations under neutral conditions. In these reactions, CO 2 is produced as a co-product in the decarboxylation step, but there are few reports on the recycling of this CO 2 molecule. [3] Recently, the chemistry of CO 2 has received much attention from the viewpoint of carbon resources and environmental problems, [4] and the fixation of CO 2 as cyclic carbonates represents an attractive area of organic synthesis.
[5±9] Here we report a novel synthesis of cyclic carbonates by palladiumcatalyzed domino reaction of 4-methoxycarbonyloxy-2-butynslow (k s ) and a fast (k f ) reacting component. [22] Remarkably, the isomerization was found to be slower in 1-butanol than in the gels. Furthermore, isomerization in the (S)-1 gel was found to be slower than in the (R)-1 gel, especially for the fast reacting component. Apparently, the azobenzene groups in (R)-2 experience a more exposed ªsolvent-likeº environment in the (S)-1 gel than in the (R)-1 gel (Scheme 2). These results support the CD measurements, and can be explained by the different packing of 2 in aggregates of the same or opposite configuration leading to a difference in the free volume and polarity experienced by the azobenzene groups (Scheme 2).
